Abstract-Low-Loss resonators with high Q factor have special importance in modern microwave telecommunications systems. In this paper, a modern dual-band CSRR with high Q factor is first examined using SIW technology on a surface waveguide. It should be noted that the proposed structure paves suitable way for emitting and propagating wave in two passing bands (approx. 4.7 and 5.3 GHz) below cutoff frequency waveguide. High Q factor and its high small-sized percentage is the salient specification of this structure as compared to other similar planar resonators proposed in various references.
INTRODUCTION
Metamaterials are one of widely-used samples in electromagnetics. They have already led to the unprecedented microwave applications [1] . One of these important applications is using metamaterials in designing resonators. Split ring resonator (SRR) and its dual, complementary split ring resonator (CSRR) have been introduced as key components to synthesize metamaterial microstrip lines with negative permittivity, which support a forward-wave or backward-wave passband [2, 3] .
In this paper, waveguide structures are selected in order to apply the metamaterials. The first reason is that waveguides show high Q factor which can be used in designing low loss and noise components with a good power handling capability. The second reason is that waveguides are able to provide negative permittivity when operated below the cutoff frequency of the dominant TE mode [3] [4] [5] [6] [7] . Since CSRRs show negative permittivity, using these resonators into waveguide will lead to positive permittivity factor below cutoff frequency of main mode. Accordingly, a forward-wave passband below the cutoff frequency is achieved.
Since combination of CSRRs with a traditional metallic waveguide is difficult, substrate integrated waveguide (SIW) technology is used, which is a very suitable type of planar guided-wave structures. This technology is produced on a planar substrate with linear periodic arrays of metallic vias based on the printed circuit board (PCB). A structural sample along with required relation, in which SIW technology is used, is shown in Figure 1 [3] [4] [5] [6] [7] [8] .
Group delay is one of the salient specifications of each electronic and telecommunications system. As a matter of fact, group delay is defined as phase distortion of device, transition time of a signal through a device versus frequency and the derivative of the device's phase characteristic with respect to frequency. Therefore, group delay is defined as the negative derivative of the DUT's † phase characteristic versus frequency as follow equation:
where τ d is the group delay, f the frequency and ϕ the phase of S 11 or S 21 in degree. It should be noted that group delay is correlated with reflection coefficient which is called as devices group delay. Moreover, group delay can be correlated with transmission coefficient which is called as transmission (or insertion) group delay. The external quality factor related to the group delay of the device and insertion can be calculated through the following Equations (2) and (3):
where ω o is the angular frequency [9] . Details of designing a modern dual-band CSRR with high Q factor are put forward. This resonator operates below initial cutoff frequency waveguide which leads to a small-sized. The salient specifications of the proposed structure include: low insertion loss, high miniaturizing percentage and high group delay in passband which causes high Q factor. In the end of this paper, three applications of this resonator are investigated in designing a multiband small filter with high Q factor, a small multiband diplexer with rather low bandwidth and a planar oscillator with low-phase noise. The phase noise acts as a restriction factor for the performance of radar and telecommunication systems, and therefore, it is one of the most important parameters to be measured for oscillators. A resonator or a filter of high quality factor serves as the most critical component of a low phase noise oscillator. Many techniques and methods proposed for low phase noise oscillators employ the same basis. That is to say, they mostly place their focus on improving the feedback network features (resonators or filters) to consequently boost the phase noise [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] .
THE PROPOSED CSRR RESONATOR CONFIGURATION
The proposed CSRR structure using SIW technology is shown in Figure 2 , which includes two linear arrays of metalized vias (as electric side walls of the waveguide) in a substrate of Rogers RT/Duroid 5880 with a thickness of 0.508 mm and a pair of non-uniform ring slots located and etched on the metal cover of the waveguide. In order to eliminate any gap in the design frequency band, reduce scattering losses and ensure ease of fabrication, the diameters of these vias and a center to center spacing are optimized to 0.8 mm and 1.4 mm values, respectively. A 50 ohm microstrip feed line is used. The width of the waveguide is 11.5 mm which leads to the cutoff frequency of the initial SIW at about 8.7 GHz.
Furthermore, values for width and length of the waveguide (i.e., size of SIW) are dictated in two ways. Firstly, any decrease in width of the waveguide leads to increased cutoff frequency and miniaturization factor. However, this only influences the coupling while there is much less influence on the passband below the cutoff. Secondly, coupling is controlled by waveguide length within CSRR and input microstrip (L parameter in Figure 2 ). In addition, increased waveguide length has an increasing effect on the amount of loss. More specifically, there is a trade-off between lower loss and higher coupling during the adulation of waveguide length, while both of them are effective in having a resonator with high Q factor. Moreover, passbands are not influenced significantly by change in values of width and length of the waveguide. Nonetheless, increase in values of these two parameters leads to decreased cutoff frequency of the initial waveguide.
As displayed in Figure 2 , the proposed structure is realized by incorporating two integrated pairs of non-uniform single-ring CSRRs on the metal surface of the waveguide. In terms of the direction of the split of the ring slot, they are back to back oriented. This alignment allows strong coupling between the waveguide and the CSRRs since the electric field reaches maximum in the waveguide center. The two single-ring CSRRs offer two relatively independent resonance frequencies.
The position of two bands can be independently controlled by changing their resonance frequencies. There are several factors that affect the self-resonance frequency of the CSRR, for instance, the length of split which can be used to adjust the frequency. The slot length and slot width are the two main parameters that determine the resonant mode.
Shape and dimensions of ring slots have been designed in such a way that one passband below waveguide cutoff frequency will be provided in each ring slot. In fact, the ring slot size can be determined according to the passband location. Each passband contains one pole and one transmission zero near each other. Nearness of pole and transmission zero leads to a sudden change in transition phase with small changes in frequency meant to have high group delay in each passband.
Moreover, dimensions of ring slots are optimized in such a way that two passbands should be placed near each other. Under such circumstances, second passband will be specified between two poles. Therefore, we will face a significant increased group delay in the second passband. Thereupon, since group delay and Q factor have direct relationship with each other, attaining a dual-band resonator Image of the fabricated CSRR resonator.
with high Q factor in each two passbands especially second passband is possible.
Although there is high possibility of attaining group delay, destructive effects of insertion losses are impeded. In other words, there is the possibility of getting closer transmission zero and pole by adjusting the dimensions of ring slots. But in this case, firstly, change in transition phase versus frequency is increased which is meant to have high group delay. Secondly, pole is located closer to the pass band that is effective in increasing insertion losses. As a matter of fact, there is a trade-off between increased group delay and reduced insertion losses in passband. Here, attaining maximum possible group delay (which is equivalent to the maximum possible quality factor) has been considered in the design in order to have insertion losses lower than 2 dB. Finally, this resonator is constructed after optimization. The constructed sample is shown in Figure 3 .
The results of simulation (were employed in HFSS software), measurement and circuit model for group delay and transmission responses of this resonator are shown in Figures 4 and 5 . The simulation and measurement results are in relatively good agreement. Minor deviations between them arises from not-so-sufficient accuracy in the manufacturing process. As specified, this resonator contains two passbands in the frequencies approx. 4.7 and 5.3 GHz. It should be noted that group delay in these two frequency bands stands at approx. 4 and 23 ns, respectively, while insertion losses in these two frequency bands stand at about 0.5 and 2 dB, respectively. Of course, as mentioned, further group delay can be attained regardless of losses. For example, there is possibility of a group delay of more than 30 ns and insertion loss of 3 dB by changing the dimensions of ring slot. In this case, the insertion losses can be compensated by adding an active part (transistor). The results show maximum unloaded Q factor which is equal to approx. 1800 for the second band with insertion losses lower than 2 dB and approx. 2500 with insertion losses lower than 3 dB. Therefore, this resonator is very suitable for designing a narrow multiband filter or a low phase noise oscillator. Especially in a low phase noise oscillator, there is an active part, and insertion losses of the resonator can be partly compensated. Also it should be pointed out that when the split of the ring slot is narrow, the unloaded Q-factor of the CSRR will be increased leading to a smaller bandwidth.
Once we intend to have a comparison with the structure proposed in [3] (the main reference of this paper for designing resonator), firstly, basic structure proposed by Itoh et al. is a single band, and secondly, group delay approx. 4 ns with insertion losses higher than 1 dB can be attained in that structure.
It should be noted that equivalent circuit model corresponding to this resonator, which is observed in Figure 6 , is presented with the aim of better designing and, most importantly, to illuminate the essential differences between the ring slots which lead to the variations in transmission characteristics. In this simple model, material losses are ignored. In the same direction, SIW technology's pins can be considered as a short connection stub form which is modeled with "L d " inductor. Ring slots can be modeled with a resonance source that is made of inductor and capacitor (C r and L r ) with the parallel connection. The inductor connection of gap between waveguide transmission line and ring slot is considered in the form of "L c " while capacitor connection between them is considered in the form of "C c ". Coupling between ring slots is modeled in the form of a resonance source using "L s " and "C s " [2] .
It is important to note that these circuit models are indeed simplified versions. Here, three reasons explain the simplicity of this model. First, the via-walls are just represented by an inductance L d . In fact, they should be modeled by infinite number of shunt inductances along the two-wire transmission line. Second, the CSRRs are coupled to the ground through both an equivalent inductance and a small capacitance C 2 in a parallel form. Impedance value of this parallel form is much lower than that of SIW vias (L d ). Thus, this impedance is neglected in order to simplify the model. Actually, CSRR and ground are put in direct connection with each other. Third, the distributed series inductance and distributed shunt capacitance of the waveguide are all neglected. Thus, the proposed circuit models are valid only for a limited frequency range. However, they are basically correct and fully capable of explaining the transmission characteristics of these structures. 
MULTIBAND FILTER
One of the proposed structure applications is in filter designing. It is even possible to design a simple high-order filter using n aligned SIW-CSRRs [3] [4] [5] [6] [7] . This provides the possibility of designing a filter with specified features, while it is possible to incorporate features such as higher group delay, adjustment of bandwidth, multiband, more selective passband with better out-of-band rejection and higher degree of freedom. However, this ensues higher insertion losses and comparatively less miniaturization.
Structure of resonator proposed in previous part can be operated as a dual-band bandpass filter. With due observance to the said issue, a quad-band bandpass filter with high quality factor can be attained in narrow band by placing two cells of the proposed resonator with different dimensions (according to Figure 7 ). Note that CSRR 2 as shown in Figure 7 is scaled by a factor of 0.75 compared with the CSRR 1 to adjust its resonance frequencies. The substrate is Rogers RT/Duroid 5880 as thick as 0.508 mm. The situation of each frequency band can be controlled with the adoption of change in relevant ring slot dimensions. As a matter of fact, each ring slot in quad-band filter structure leads to a passband below cutoff frequency.
The made sample (prototype) of this filter is shown in Figure 8 . The results of simulation in "HFSS" software and measurement of this filter are shown in Figure 9 . The disagreement in the results of simulation andmeasurement is due to the high sensitivity of some of the ring slots and inadequate precision in their manufacturing process. The results indicate that passing bands in frequencies about 4.7, 5.3, 6.3 and 7.1 GHz are with bandwidths approx. 40, 8, 50 and 10 MHz, respectively while insertion losses stand at approx. 0.6, 3.6, 1 and 2.5 decibels.
Meanwhile, in the quad-band filter proposed in [20] , passing bands of the filter stand at 3.82, 5.02, 6.12 and 9.07 GHz while insertion losses stand at 1.77, 3.61, 3.47 and 4.47 decibels, respectively. Special features of the proposed structure compared with other similar structures are as follows: Further miniaturization, low losses, possibility of relatively large tuning one of the passbands of quad-band filter without affecting the other bands, low bandwidth (narrow band). 
MULTIBAND DIPLEXER
Diplexer is a key component of telecommunications transceiver which affects performance of system severely. In this part, a planar diplexer will be studied using the proposed CSRR which shows a good performance. This diplexer includes three ports and two continuous filters which are operated below cutoff frequency using SIW technology. After obtaining two dual-band filters with desirable features, the T-junction is designed and optimized. The substrate is Rogers RT/Duroid 5880 as thick as 0.508 mm. The structure of this diplexer is shown in Figure 10 while its fabricated sample is shown in Figure  11 . A direct 50 ohm microstrip line inset-feeding is adopted on the top working as the T-junction in order to save the space. This technique, also known as the CPW-SIW transition, is commonly used for impedance matching in the SIW technology. The slot coupling and inset length of the feeding can be used to control the external quality factor. The results of simulation and measurement of this diplexer are shown in Figure 12 . The results indicate that input signal passes from Port 1 to Port 3 with insertion losses stand at approx. 2.5 and 2.8 decibels in frequencies about 4.66 and 5.31 GHz, respectively. Moreover, return losses stand at approx. 19 and 15 decibels. In frequencies about 6.36 and 7.17 GHz, input signal passes from Port 1 to Port 2 with insertion losses at approx. 1.8 and 3 decibels, respectively, while return losses hit approx. 25 and 23.5 decibels. Meanwhile, isolation in all passbands is better than 25 decibels. Thus, the proposed diplexer meets the following criteria: high miniaturizing percentage, high isolation, low losses and the possibility of sending signal in two frequency bands in each of the two routes.
Figure 10.
Configuration of the proposed diplexer. The geometrical parameters of ring slots are similar to the dimensions given for the filter in Figure 7 . Drawing a comparison with the diplexer proposed in [21] , it can be concluded that, firstly, this diplexer in each route operates in one only frequency band (unlike diplexer proposed by us which is dual bands), and secondly, insertion losses stand at 1.6 and 2.3 decibels. Thirdly, isolation is about 32 decibels. As a matter of fact, dual-band and higher miniaturizing percentage have been cited as the main specifications of the diplexer as proposed in this paper in comparison with that presented in [21] .
LOW PHASE NOISE OSCILLATOR
In this section, a novel low phase noise oscillator using the proposed cavity-backed CSRR resonator is presented. The design procedure and experimental verification are provided in the following.
The first stage for implementing this oscillator is to design a high Q factor resonator done in Section 2. For the purpose of achieving an ultra-low phase noise oscillator, the oscillator designing frequency was considered to be the same as the frequency of the proposed CSRR resonator's second passband (i.e., 5.3 GHz) which enjoyed very high Q-factor and group delay. The second step is to design an active device with ultra-low phase noise, which has proper amplification to start and keep an oscillating. On the other hand, the feedback path's gain which is part of oscillation conditions is provided via the active device.
To minimize the mismatch loss, it is necessary to match the input and output of the active device to the 50 Ohm line. The active device used here is an ATF36077 low noise pseudomorphic high electronmobility transistor (PHEMT). The length of the microstrip transmission line is used and adjusted for meeting the oscillation condition. Based on Barkhausen oscillation criteria, an oscillator's open loop gain has to be greater than 1 (by adjusting the active device), and the total loop phase has to be 0 • or a multiple of 360 • (by adjusting the length of T-line). Circuit schematic of the low phase noise oscillator employing the SIW cavity CSRR is shown in Figure 13 . Figure 14 shows a photograph of the fabricated oscillator. The oscillator was measured using a spectrum analyzer Agilent E5504A. The measured oscillation frequency equals 5.36 GHz. It is noted that a small frequency shift is observed which will affect the matching and oscillating condition. Some mechanical tuning using small pieces of copper sheet is performed before achieving the best result. The output power at the oscillation frequency is 7 dBm. Figure 15 plots the simulated (were employed in ADS software) and measured phase noises at the oscillation frequency. It is seen that the two phase noises −128 is a record which it set in terms of a phase noise's lowness. Table 1 compares the oscillator proposed in this study and other microwave planar oscillators reported in other articles. It should be noted that the oscillator proposed in [34] has an active resonator with much larger size, and also for designing this oscillator, three transistors are used. Moreover, the noise figure of the transistor used in the feedback loop of this oscillator is much lower.
CONCLUSION
In this paper, one modern dual-band CSRR with high quality factor in each of the two bands is introduced, studied and fabricated. High Q factor and its high small-sized percentage is the salient specification of this structure compared to other similar planar resonators proposed in various references. It should be noted that if the loss of the proposed resonator is less than 2 (3) decibel then its unloaded Q factor stands at approx. 1800 (2500). Although there is high possibility of attaining group delay, destructive effects of insertion losses are impeded. As a matter of fact, there is a trade-off between increased group delay and reduced insertion losses in passband. Then, a small low-loss narrow-band quad-band filter and a small low-loss dual-band diplexer with isolation better than 25 decibels are introduced and fabricated using this resonator. This resonator is also very suitable for designing a low phase noise oscillator. Thus, an ultra-low phase noise oscillator of parallel feedback type is designed and fabricated. The results reveal that at the oscillation frequency 5.36 GHz, −128 dBc Hz phase noise is obtained at 100 KHz offset frequency and −145 dBc Hz at 1 MHz offset frequency. Compared to the oscillators reported in the scientific literature, the proposed oscillator sets a record in terms of a phase noise's lowness.
